Abstract. Basic aim of this paper is to bring out the characteristics of the T-junctions. T-junction consists of the one straight pipe and the adjacent branch which can be inclined under various angle Ȗ. These characteristics were done for the T-junctions with equal diameters of all branches and for five different angles of the adjacent branch. There is also included comparison between characteristics obtained by the numerical calculation and by the experiment in this paper.
Introduction
The T-junction is a small, but very important part of the pipe-line system. It can vary in shape and it is primarily used for dividing or combining of flow in pipeline. However the T-junction can be also used for mixing of two different liquids, liquid and gas or two different gasses. It can also be used as a simple pump which is called ejector, but this is special case of the T-junction.
The question is how to mathematically describe the Tjunction. It is easy to find and use mathematical models of the flow in parts of pipe systems as for instance valves, elbows, diffusors or contractions and other fittings. It is easy because there is one entrance and one exit. Therefore measuring of energy loss coefficients is not difficult. It is more complicated in case of T junction because there are three branches it means there are two entrances and one exit in case of combining flow or one entrance and two exits in case of dividing flow.
Mathematical models of T-junction
The history of building up of mathematical models is long. There are some approaches how to model fluid flow in the T-junction. For each mathematical model are consequently defined coefficients which describe the Tjunction. Probably the most known book was written by Miller [1] . He set up basic concept of the T-junction mathematical model. The marking of the T-junction branches by Miller is depicted in the figure 1. He defined two coefficients K 31 and K 32 for dividing flow and K 13 and K 23 for combining flow. 
The quantities v 1 , v 2 , v 3 are mean velocities at each branch and h 1 , h 2 , h 3 are static pressure heads after subtraction of the friction losses at each branch.
The problem of this mathematical model is that these coefficients have no any physical meaning. They are not loss coefficients, because their values can be less than zero.
The problem is that these coefficients are evaluated jus from the unit kinetic energy and unit pressure energy. Unit energy means energy per one kilogram. These coefficients do not respect the flow rate ratio in branches. There was some effort to improve this concept, for example [2, 3] ,
New mathematical model of T-junction
A new mathematical model has been developed by the authors of this paper for long time. First paper where the new mathematical model of T-junction with angle 90° of the adjacent branch was presented in paper [4, 5] . Then it was improved for an arbitrary angle of the adjacent branch in [6] . This mathematical model is general so it is also possible to apply it for an unsteady fluid flow in Tjunction. The discussion about the problems of unsteady fluid flow in the T-junction is presented in [7] . Many numerical calculation of fluid flow in T-junction was carried out for example [8, 9] . The fluid flow in Tjunction was also measured by PIV. The technique of PIV measurements is described in [10, 14] . The comparison of velocity profiles measured by PIV in Tjunction branches with numerical calculations is described in [11] . First curves of the new mathematical model coefficients are presented in [12, 13] . Now it will be useful to say a few words about the new mathematical model of T-junction and about its coefficients. Some variables are depicted in the figure 2. New mathematical model consists of three equations, power equation, momentum equation and equation of continuity. This model respects the flow rate ratio at each branch, orientation of the T-junction against gravity acceleration and it is, in general form, derived for the unsteady fluid flow in T-junction.
The mathematical model presented here is the simplified version for the steady flow and the horizontal T-junction location. This was also described in the [13] where the results for the T-junction with the area aspect ratio 2.4 were published.
So the Power equation under these assumptions can be written in the form 0 . 2 Some comments have to be mentioned to the previous equations.
Variables Q ma , Q mb , Q mc represent a mass flow rates in particular branch. The direction of flow is expressed by the mass flow rate sign. The sign is minus in case of the inflow, whereas the sign plus is used in case of outflow.
Variables The variable ȡ is a fluid density.
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There are two variables Q mX and A X with strange subscript X in the equations (5) and (6) . The subscript X has to be replaced by a letter a or b or c. Which letter is chosen depends on which branch the complete flow rate is flowing through. If the complete flow rate is flowing through branch a so the subscript X is replaced by the letter a and similarly for the other branches b and c.
Coefficients of T-jucntion
There are two coefficients in the equations (5) and (6) . Coefficient ȟ P , in the power equation (5), is rate of the total energy losses in the T-junction. It is possible to call it the total power coefficient. This is a scalar quantity from a mathematical point of view. The coefficient ȟ M , in the momentum equation, is a rate of force which the fluid is acting on the T-junction. This coefficient is the vector quantity from the mathematical point of view and it is possible to call it total momentum coefficient. The only component in direction of the main pipe (n b direction) will be taken into consideration for this case of the Tjunction. Other components of this coefficient are necessary in case when the branches of junction do not lay at one plain or in a case of a cross junction. The component of the momentum equation (6) 
Variable Ȗ is the angle between branch a and b. Variable ȟ Mb is the component of the total momentum coefficient in direction of branch b. The coefficients ȟ P and ȟ Mb can be obtained from the numerical solution of fluid flow in T-junction or from the experiment. These total coefficients include both influence of friction and influence of shape of the T-junction. The problem of the total coefficients is that they are dependent on the distances of the cross-sections A a , A b , A c from the center of T-junction. This is caused by the friction influence. Therefore it should be good idea to eliminate the friction influence. The idea how to reach this is that the total coefficients will be divided into two parts.
The ȟ PG and ȟ MGb are the parts which represent the influence of the T-junction shape (geometry). These parts would have been independent of the scale of the Tjunction. The only problem is that the momentum coefficients depend on the absolute values of the static pressures p a , p b , p c . This will be discussed later.
The ȟ PF and ȟ MFb are parts of the total coefficients which represent the influence of the friction. These friction coefficients are possible to express on the basis of known pressure drop in straight pipe for given diameter and mass flow rate. The friction coefficients, under assumptions mentioned at the paper beginning, can be expressed this way
Variables L a , L b , L c are the length of the T-junction branches.
Variables ǻp 1a , ǻp 1b , ǻp 1c are the pressure differences per one meter of pipe length and per one cubic meter per second flow rate. It can be expressed by this formula for particular branch
The letters x has to be replaced by the letter of a, b or c in case of particular branch. The friction momentum equation (12) 
The total coefficients can be obtained from measurements. We have to measure static pressures and flow rates at each branch. After that the friction coefficients can be also calculated. The values of ǻp 1a , ǻp 1b , ǻp 1c can be obtained either by experimental way or by using some empirical formula for friction losses in the straight pipe. They were measured before the measurement of the T-junction started. In case of numerical solution they are evaluated from the numerical solution. Then the geometrical coefficients can be evaluated from the equations (9) and (10) .
The only problem is that total momentum coefficient ȟ Mb depends on the absolute pressure values. Therefore one of the static pressures has to be used as the reference pressure with value 0 to be able to compare the experimental results. This does not influence the total power coefficient ȟ PG , but the total momentum coefficients will be comparable.
Experiment
Main goal of this paper is to present results of experiments and its comparison with the numerical modeling. Previous chapters were written to help reader to understand basic ideas of the new mathematical model and the T-junction coefficients definitions.
The experiment was carried out in the laboratory of Victor Kaplan's Department of Fluid Engineering at the Brno University of technology Faculty of Mechanical Engineering.
As it was mentioned before the diameters of all three T-junction branches were the same and it was 50mm. The T-junction was made by drilling of holes into the plastic block There was measured static pressure at one branch of Tjunction (p a ). Then the two pressure differences between this branch and the other two branches were measured (ǻp ab , ǻp ab ). Pressure differences were measured simultaneously by the differential manometers and by the U-tube manometers. The flow rates were measured at each branch by the magnetic flow meters (FM a , FM b , FM c ). The flow rates were controlled by the variablefrequency drive applied on the pump electric motor and by the regulating valves. The temperature of water (TM) was also measured.
Measurement of the one flow configuration was performed twice. The time delay between these measurements of one flow configuration was at least one day. 
Numerical calculations
The geometries of the T-junctions were created in the pre-processor GAMBIT 2.2.30. The lengths of all branches, measured from the border of junction area, were 25 of pipe diameters. The condition "wall" was used on a pipe walls. The condition "velocity inlet" was applied on the pipe cross-sections where the fluid was entering the pipe system. The condition "outflow" was used on the pipe cross-sections where the fluid was leaving the pipe system. The mesh was created from the hexahedral cells. The number of cells was approximately 2.3 million. The worst cell skewness was 0.51. Used turbulence model was k-İ realizable with non-equilibrium wall functions. The problem was solved as a unsteady fluid flow. For each flow configuration was solved 21 different flow ratios.
Discussions
The results obtained by the experiments and their comparison with the numerical calculations will be discussed in this chapter. The geometry coefficients for all cases of flow configurations and for all angles of adjacent branch as a function of flow rate ratio (q) are drawn in figures 5-16 at the end of this paper. Ratios of different branch flow rates are used for particular flow configuration.
It was mentioned, at the paper beginning, that the measurements and numerical modeling were carried out for five different angles of the adjacent branch (30°, 45°, 60°, 75°, 90°) and surprisingly there are also drawn curves for the angles 105°, 120°, 135° and 150°. This is possible because they can be converted from the measurements of the other flow configurations. It means that the curves for the flow configuration Div a (Com a) and for the angles in interval 105°-150° can be converted
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from the data for flow configuration Div b (Com b) for the angles in interval 30°-75° and contrariwise. In case of "Div c" ("Com c") it is possible to obtain the curves for angles in interval 75°-150° by the exchange of the data of branch a and branch b for angles 30°-75°.
The single points represent the data obtained from measurements in the graphs. The lines represent data obtained from the numerical modeling. The solid lines are used for the data directly calculated or measured (it is for the angles in interval 30°-75°). The dashed lines means that this curves are converted from the data of the other flow configuration (it is for the angles in interval 105°-150°).
It is possible to say that if the curves for whole range of adjacent branch angle (30°-150°) are known in case of flow configuration "Div a" or "Com a" then the curves for the flow configuration "Div b" or "Com b" can be converted from the previous one. The results for the particular flow configurations will be discussed in the next chapters.
Dividing flow Div a
The flow rate ratio in case of flow configuration "Div a" is defined this way
The geometry coefficients as a function of q ca are drawn in figures 5 and 6. The data obtained from the numerical calculations and from the measurement are in a good agreement. The measured geometry power coefficients for adjacent branch angles 30°, 45°, 135° and 150° are slightly higher than the calculated coefficients. The curves of the geometry momentum coefficients obtained from the experiment are also in good agreement with the curves obtained from the numerical solution of the fluid flow. It is interesting that the highest geometry momentum coefficients are for the 90° inclination of the adjacent branch. These coefficients for the angle of adjacent branch higher than 90° for q ca < 0.1 are negative. It is because pressures in the adjacent branch are very low. The water is sucked out of the adjacent branch into the main stream. The T-junction works in this case as an ejector.
Dividing flow Div b
The flow rate ratio in case of flow configuration "Div b" is defined this way
The curves of the coefficients for this flow configuration are drawn in the figures 7 and 8. Description of these coefficients is very similar to the coefficients of flow configuration "Div a" because they can be converted from the coefficients of flow configuration "Div a".
Dividing flow Div c
The flow rate ratio in case of flow configuration "Div c" is defined this way The curves of the coefficients for this flow configuration are drawn in the figures 9 and 10. The differences between power coefficients obtained from experiment and from numerical solution of fluid flow are higher in this case. The coefficients from experiment are higher than the coefficients from the numerical solution. There is very high turbulence in the region of the flow division therefore it is difficult to model such fluid flow. There is one interesting phenomenon that all curves of geometry power coefficient obtained from experimental data are crossing at one point for flow rate ratio q ac =0.5 with value ȟ PG =1. The geometry momentum coefficients are smaller in comparison with the case of flow configuration "Div a" and "Div b". There is good agreement between the experimental data and data from numerical solution in the tendency of the curves.
Dividing flow Com a
The flow rate ratio in case of flow configuration "Div c" is defined this way Generally the agreement between experimental data and data obtained from numerical solution of fluid flow is better in case of dividing flow. The curves of geometry power coefficient are very similar to the ones for the dividing flow. But the geometry momentum coefficients are very high. The agreement between experimental and numerical data is very good in this case. The geometry momentum coefficients are lesser then then zero for the angle of adjacent branch smaller than 90°.
Dividing flow Com b
The flow rate ratio in case of flow configuration "Div c" is defined this way geometry momentum coefficients are symmetrical around the zero value of geometry momentum coefficient.
Dividing flow Com c
The flow rate ratio in case of flow configuration "Div c" is defined this way The curves of the geometry power coefficients do not cross at one point on the contrary to the flow configuration "Div c". The curves of geometry momentum coefficients are almost linear.
Conclusions
The new mathematical model of T-junction was presented in this paper. The definitions of the T-junction coefficients with clear physical meanings were carried out. The geometrical coefficients obtained from experiment and from numerical solution were presented here. The comparison between experimental data and the data obtained on the basic numerical solution was performed. This mathematical model can be used for solution of fluid flow in pipe systems and also for comparison of the different shapes of the T-junctions. 
T-junction coefficients
